NG CITXCIE: .:W}-eat Jovernment or othe, drawings, spewlflca ions or
A&“:‘hf 5 ﬂ'aaﬁ are used for any purpose other than in connection with
£ ~¢>€5tfm1tsaly related Government procuremsnt operation, the U.S.

b Sy srnment thereby incurs no responsibility, nor any obligaticn
: Wi, ,,soever- and the faet that the Government may have formulated,
i:,a' ished, or in any way supplied the said drawings, specmcatxons

- %¥ather data is not to bé regarded by 1mphcat10n or otherwise as -

=M 4ay ma 'mer_lmenemoi tne helder op - ‘any otner person or corpora-

ﬁﬂk“& o tonveying any rights or permission to manufacture, use or
’f; se;h atz'f‘ patented invention tbat may in any way be related thereto."
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dered-and compansated for wheﬁ ﬁrecise results are desired.
pal error. ssurces are: (a) the deviatior, ffsm squa re 1a.w 'beha.vio:r of

S

? gaA t...r attncb.ed tn the nm‘ba (b,} the ed_‘“' _ oy ‘%
. - o e S ! zJ
,t's_ e},imim ‘i i
] L -and: bV‘ tuning'the pro'be for maximum pickup. a".dié;uséion of pro'be
effecta2 and a methoé of correction3 for la'rge insertion depths are given i
in une J.nerature. | ]
The presencé of tue slqt‘ in tne ;iotted section 1nt~oducw W o
effectas (&) the sl&’c Toads. the waveguide and produces a slight ghift in
its guide vwevelength® 4nd charccteristic impedaace, -and (b) the end. of the 1
siat 1nnmuuce§ & aiscontiaulty efféct. Other discontinuity gffegts may be
II;:,:. i '.:¢ et ‘.'-’r‘“-.;_;:_‘_' e - - - ;
T For examp,u.e ;e M, Barlow.and A. L, bullen, tMicrowave. Measurements' -
' ConSuaule and Company Ltd., London, 1950, P 128-130. .
2. 1big p. 159 ff..« UL < N [N J{*
C. G. Hontgomery, "Technique of Micromve Measurement" McGraw-Hill Book P
Co,, 1947, Sec. &.4 ‘ |
’ i
5 ¥. Altar, F. B. Marshall; and L. P. Hunte "Probe Error in Standing Wave i
- Detectors", Broe.. L. R.E., 3& i pp 33P - uhp Jan. 1946,
C. G. Montgomery, op. cit,, Set. .3. _Expressions for the shift are :
given. = ST Cl i J
. L S
} i
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= . - -~ . . . Ij '
¢ 3 5 & 3 ~ _T d i ~
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sl?:t and with 1-10 discontinuity effects present.

f&facture, etcr - %h
' the order of 1/2 pezcer

oz '- .'.«.:‘.uto fhe:

¢ 6. mini 1 that g
esv shd to- 'v?hat would ‘ne oo"a..ned in a waveguide withe t

-,_Jetheds of eompensating for the discontinnity effectq have been.
1 in the literature. For exampié; M. H. Oliver5 treats the dis-
continuiyy or d:.scontinuities present as a .:.amped nve uerminal-pair net-.
tractiri'g' out the paramete m. this ueuwor»f in crabr to ﬂorrect 2 feasured
impedance. He does a~* consider the shift in characteristic impedance of
the slotted section, .2ilé his method ig suitable for the measurement of
sir'ple uermlnations where a value of impedance is dirently obtained, it is
T00 cumber.,ome fo,. ‘Precision mefthods for two temlnal-pair structures which
employ an av eraging' scheme for #hé ifnput data and 4o not present the impe-
_dance valuss until the very end. The calibration scheme presented herein

: corrects the input data direciiy. F. Tischav"' describss a measurement
“method for determining the maximim possible error in the measurement of

VSWR due to the presence of discontiuaitles, hig result is in agreenxeut
with Bg. (2.9) of this report. While the considerations are directed to-

“ vward the input data, they are eviuently incomplete; the remainder of his

:ge.g;er ig not of 'concern here¢. The meéthod employed in this report is an

5‘ M. B. O” iver, "D:Lscontinu* tes in Concentric-Line Inpedance-leasuring
Apgaratus" Proc. I.B:B., "ondoa, Part III, 91 » »- 29, Jan. 1950.
Alsb, discassiOu, D 21{-2.

"'—F; Tisf'h'er, "Die G—enauigkeit der Impedanzmeswung bei Mikrowellen!, Trans-

P actions'of tne Roya.l ”nstltute of ‘Technology, Stockholm ‘Sveden, No. 36
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e_x_teneion of the one used ‘b,, ¥.}

a1 1b tion; urve f’_ r-an X«ba;.d
3 : "‘he 'corrections «o

Q.iggcussed. and. e pressions for the mximun possi’ble:

- corrections for t%cse quant*tiee are gimen in tems ‘of the insertion VSWR
f the slotted. section belng cw.llbre,t_ed. the _tter quanuity being obta.in-

M"ks concernlng referenc P -_ 5 shifis o lectncal ‘length meaeuranents
appropriate to ‘digcontinuities located in a '.Leu.gbh of wayeguide. The modi=
fications in the ca.u‘bratﬁon proced.ure pertinent t6 the following speﬂia.l
s:.t“atlons are then discussed: (a) when Goupling structures are associated
with ths variablé short in addition to the glotted section, () when the
slotted. gection and %the waveguide containing the discontinuity are of dif-
Tevent crossssectional shape of -diliensions, and (c) when o go-called
s tivel eqd\'f*‘alent netmi“ is dosired. fnr a junction between two dig-
simiiar w.veguldes. S s

oA
1

'l‘%e dm'* t-cns of the correction rolatibns and associated ex=
pressions aré given in Part III. A theoretical expression is derived first
fo“ the calibration curve obtainéd for purely reactive tcrminations. The

2 S Y o
meili.cations necessary vhen the terminations are dissipative are then con-
31c°1eo., and the appro~ b .e-'f‘orrection re tio'ne are c}.‘ ived.. Finally,
thé eJ..Lebv o33 u c&u uz“d.w.ou curve: of an w.ru:. in uhe "v'arﬁ.a.w.e shoTt au
examined, #nd a method of testing for such.an érror iz deseribed. The -
Appendixz, in prasenting detailed instructions cn taking the neagurements,

N t‘””ting the data, snd cbtaining the pertlnent correctiors from. the calibra-

tion curve, 18 essentiallv self—contalned.. o

T s ” noa Pt 2 R g Sl

7 N. Mav:cuvitz et al., ”Tue Represen‘bation; M easur,e.‘xent and Calcy tign ‘
of Equivalent Circhits3for Waveguide Discont,inui‘tie with Al’auliéat ch t5
Rec}tangu_tar Sthbtl i Pof,;teciﬁnlc Ins‘czb tutg ofg}Brookh? 1911-9, Chap. I [
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T rat on Curvev Principle and Procedure

V"basic slot‘ted section maasurenents of VSWR and ‘the loca.tion of
} ' 'affected ‘ov the varietv .o‘f. .errors inherent ;n the

lightly different frc:n that of a guide without tne slot.
ce,_du.r*e to :‘be descn‘bed compensates ngorously 1or theﬂe

I sym‘bols D and S as arbitrarv inchcator readings, -where S re-
presenvs. the locafuon of 2 =hort clrcuit in the varla'ble sho:rt and D the
don ' B The

R.- ," —fes"péctlvely,
(su‘bscr pt R signi-

circ it at tbe int-.-,na.w oetween the end of the slotted sectlon u.no. the
varlnble shcrt, .ﬂ“,_e.lumuatlvely, from. some_ other convenient reference
plane or planes. .__"hp “slotted section“ be ce."*brated *ncludes, in addi~

_-l:the effect of an inmerfect var:.able short. is considered in

_.1......
[
:
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e ,‘The dat—a for the -calib: ration curve are obtamed 'by te.king 8 scr:les
of va;ues of D and § over the range of travel of the ‘probe carriage; in addi=
tion, mea.su.ranents are made of the gulde vavelengths Agd N:5o1. § A in the alote
-aed section a:ml variabYe short, rpapectivnly.

In orde" for the calibrated slotted. dection to correspond to an

T ideal -aF perfect slotted section, wa require: .

“’\ 'DCorrected = "-'-"S. =t ) (2°1)

s o & e

the negé_.tive sign appearing ‘because of the opposite direcuons a:ssigned to
D and. S as seen in ..g‘. ".... This speciﬁcation imlies .that all discontinv.==

e :tion is menticiil '-to that in tl_ze varia.‘ble short. . It is prefera'blo
! ‘equdreen (a) oonstructinga ca.li‘bra.tion

“p.co-rrect'ed : § ) )
- A =T X (2.28)
ced 88 , o
 oF eiuivalemtly,
Poorrectea = S ’%ga/’gg'a . (2.2)

d (b) mu.!.tip Lying: the corrected - vealug by, the wevelength re,tio " /

—— e 4
e s R
ST e e T % . B 5
MU - —
N
- . 5 -

. ' —‘I'he Dcorrected in specificaticu (2.1) is, of course, different from thm. iu.
“ (2.2 tn,e, 1atter ig employed in the diseussion ‘below. Defining a correc-
tion & . D, to ve -added to the directly o'btained voltage null D %o yield the
ccrrectea value, @8 - SN o
- o A‘\_D = VDcoii',_i‘_éct(ad. ® >,
E w@:)}é‘.\re froi: (8.2b) . e .
T - #&.D = - ’(‘i‘:-;» 5 }Lf /A.,g') . (2.3)
80 that. tﬁe corrections A D m:.:; .bé- c‘ot..in from 2 cuyve of -
e f".’“’;‘ ) ' '. ) . ) 7_% - (D + s )\ /l\ )/f'?/s D. . o «—\.&\ -
L [ S 3 g ST E .
: : S é’% ) cuﬂre is sKetcneu. 1n ;‘ig. @3 theg \hape of the cu;fve it;: 1€ is gis- |
\S‘;‘é '... A\!i d P’irt III Sec. Ao \‘- '\\" ~ &‘ o, :‘55‘\ 7 ."‘3“«
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1i‘i 2 S m'ole Ca.ll‘oration Cirve.

A plot of - (‘D +.8) ve. D, .yielding correctiom in accordance with
specification {2.1) rathér than (2.5b), is not recommended because of the.
8Tope introduced by the unequal guide wavelengths in the slotted gsection and
variable short. The slope creates a mimber of undesirable features, the
principal one. being the. involved modifications necessary when di ssipative
structiorez are measured. Impedance values obtained from corrections mede
actording to specification {2.2b) are correctly nomalized® o the charse-
teristic impedance of a guide without the slot, but the resulting transmis-
sion 1ihe representation for the slotted sectlon ig peculiar® in that its
characteristic impedance is identicel with that of the variable short while

_ iba guide wa.velength ig not. The peculiarity is eliminated, and the equiva-

Yenl of specification (2.1) obiained, if distances D D, e are nade rela-
tive to Agg bY multiplying by the ratio Agg [2og gqe Since aﬁ' 5 readings must
eventually be subtracted from DR, and since both D ard*DR must be corrected
by thé same cslibration curve; -the abgcissa level cf the calibration curve
is undmmortant and for convenlence we draw the abscissa axis. through the
averags cf -the curve as incuca ted in Fig. 2o

;l » - s A N 5

This ivas \:p iﬁted mrb tn the writer 'by H. M.
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T the meaguresent of -
UK 'E: the slope snciu.L

or A 5 whichever 1s i'elt to be less reli-
: i ._X-biﬁd the ra.tin for - p&rticular slotted section. and a partis
'eula variab e short after a nunber of calibratic ons hag been found to be
1.0025 k. For different variable shorts the value varies slightly,

'byxt’ _,_‘i}sion remains the same.

. A sarzrple cali'bration curve, o*‘ - {(D+ 5 A (1/7\ ) Vé. D is shown in
' Fig s where ‘the. original data points are: includeg The calibration curve;
for a Yaie and Towne slm.ted section at a freé gpace vavelength of 3.200 cis.,
e 6 in:h’ca*te an *nsertion V5WR of 1.016 (see Eq. {2.52.)), and has a
) "gd' Aoy, eqval__ .0027 The precision of the measurements is seen
om” thi ~soé;'tfier o" tbe po{,nts to be z 0‘.0003 inches or ‘bette It is

_ To sumnar izfle A series of values of D
and §-are taken over the mﬂgb of +*°"e1 ~tl;re‘ 5. carriages. A plet of
T (D +.5 N d/hgs) 8. D is ma.de the a‘bscissa‘ axi*s"‘is d.rawn ‘through the
average of the curve, and the. resulting ordinate is 1a.belled. A D. The

va.lue ot Dco rrécted 23 then given~ bY ST _‘r’-" _

RN D) i /}. ) (2.4)

An aecurate value *i‘or' t Ye insernon VSUR of the slotted section

and- associated. discontinuities is obt"ame.'!ﬂe direct 7 from the cali'b*aﬁun
[ i

= 1+2nA/7\,_,, . (25@_)

J.n'= eruon VaWB

':'_‘J tT‘E‘ZZii‘f 'é’fé;ice b»tween the slot insertion VSWR and unity be expressed
| Ewee e (EEha) T

s
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&
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tho app“ﬂ'* **n?a exn

‘scussed a'bove 1-%:9 th.ained using purer
reactive‘ \term*nations and’ is therefo:e directly applicable for 103 Jeas
structures only.. Since the temmination for the slotted section discontin-
uities ls:mo longer purely reactive when dissipative structures are measu.od,
-one must investigate the effect .on the D valueg of & \d.issipauvu"ucm:.nat
in-partizular; one d85ixrss the Telation betiéen the surve of ~(D+S A / ?»gd
vse D for A ossless %e*minations and that for dissipative teminationso Suc
an 1nvest1gat10n is carried out in Part III, Sec. B, where it #§ shown that
_undér the réstriction ¢f(r, = 1) <<1, iliere ¥y ie the méaaured VSWR value
end e has been defined above, the calibration curve may be used together

- The calibration curve

v.l

G

_vith appropriate simpie correcuion factors to obtain the corrections to both

the D and VSWR valueés in the mezsurement of dissipative structures. Since
€ is generally nma.ll fthe vast majority of measurements are included under
this restriction; 1f e = 1.016, say, as. in the calibretich cuive of Fig. 3,

t*ie*éb'rre‘c'm.on relations =may _be used. *‘or measured VSWR's above 1 10.

The c\;;rectlon rela*bions for s i’ative ﬂtrucvures aré: given in
the Appendix as Eq. (A3) for the cosrected value of D and as Eq. (A4) for
the correction to the VSWR value. By reference to relations (A4) and (2.5b),
thé meximum possible correction A r is related to the slottved section inser=

tion VSHR by

max. ° g‘rm -y . (e'JI

Al

in agreement, since ¢ is emall, with the well k:novm relation concerning
VSWR's of structures in tandem. From relaiion (AB) it is seen that far hig,n
.r;n" “the correction to D ‘réduces to that for no logs, while for T, Epproach-
.ing ‘mity the cor:eection diverges. The 1a++e; behevior is cons:.stenFa;i wix
the. Ffact that the effect 6f the location of the voltage minimim on impedance

"“1ues becomas'inappreclable as the VSWR ‘approachés uaitvy. ~For values of

“r_ for which e is no longer much less than (r, ~ 1), the expressions become
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_ ra.ther cm‘oersome- for D, the correction is rather unimoortant however, ag. §
mentioneu. above.. Furthemore, in our experience in tae measurement of tm . 3
g
g

3 e S e i w.mina.:.-pafr networxs*rm HE® TAarely- oeen'uess ‘Tign 1.10.

"‘ E LT : y licd.tionsmof the Galib*ation Precedure "

A few further remarks are anpropriate if the structure to. be meg-
sured consi‘sts of a. dis‘ ntinuity 1oca.ued in a length of wmegaide. Since
8: € t-c surements arﬁ 1ntende{‘ "or the d.iscontinuity alone,

J g g [ O X :

| o dimenqions as the_ slotted section a.nd ¥ riable short. '.l‘he procedure de-

o ', scribea in Sec. A of the Appencix speci'fies the zeference planes at. the.

T ): rariable short i.e., at Dnand SB

' >reference pla.ue shifts are requ:.red. it shifts in beoth input and cutput
guides ghonla .8 made relative to the variable short guide wavelength gs"

By virtue of the calibra.tion .scheme.

. For symmetrical discontinuities, one can obizin the equ:lva;ent
i _ circuit parametera &b, reference : planes symmetrically disposod with respect
. fo the geometrlce.l a¥unetry plane without knewing the location of the dis-
ccntlnuity within the housing waveguidey only the overall. length of the
housing gtrutture need. be known. The meagurement method 9 which will nnt . -
be discussed here, yields “ha shifis d:. and s in electrical lengths, from : :
' s;i—a..ri SR ’ respectively, to reference Pplanes symmetrically disposed with
' ' reepect to the geometrical symmetry plane of the discontinuity, as shown in
"‘ig;. 4. The loca.tion of ths reference planés relative to the synnnetry plane
of the discontinuity, specified o s follows -directly from the lmovlec’.ge
- <>=e the’ overall electrical length g 5; %he housing etructure. '

The electricsl length 4’1. 18- 6btained by placing a short circuit

first at. the end of the slotted section, determining Dy, and then at the emd o -
of the émpty housing waveguide when itg other end 1s attached to the =lotted

section, obtalning DL é) iz then given by , =

L : R . . =7 ol .i
: o o . 4}]5 =2 --—---‘—- - -2-J ’ n intege_r . (2.10)
= v ° — - 5 I oA gd e = 5

- here n is 6o chesen o8 to make by a minimum, : : |

K4 Fci_‘_'.’"lge"i:esg_ stractires: Pootnote reference 7, uhap. II, PD. 25—_30. :

For dissipative struotures' . WIhe Precision Measurénent of the Bgudvi~
lent Cimy_i_t }?amrne{ ers nf‘ ni aa;!,m;;hm M1 crowava Structures!, by I, B

"~ Felsen and A. A. Oliner. Te¢ be issued.




‘so:that, the; distauce 2.¢ betvieen reference planes is X 45

e

:.I!ig-"l}: -..r'st,edure for Symmetrica.l Discon*inuities. -

_me Fig. % it fs seen that

TS _st____:w_ L ew

/?n. Length. §,

nust- be. uetermined. with. the us»e”ntinuivy aosem:-: it tﬁs gs inmpogsible, &

"mechanical Ta_thor %han. electrical measurenént of thé overall length 1is neces-

sary, thereby enhancing the possible error. With a mechanical lengih mea~-
surement a value for. the guide. wavelength in the housing structure rmust be
assumed, and £ sligh’b error in it may be serious as the housing waveguide
is: generally eeveral wavelengths long; with the electrical measurement, the

gul de: mvelength does not enter into the calculations until the very enas
. and thén in conjunctiorn ¥ith a smell distance, 2 £ , so thet the valu

chosen for it is not critical.

. 2 Cou;g.!.ing Structures Assoclated with Both the Variable Shork

a.no. ‘the elotted"Sécti'on_ -

drec cannot be. inserted
J..L&'ble ghort but that
ust, ‘ber placed in between-
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5 Méasurenent Using Righ‘b Angle Bends.

The calibra.ﬁon curve. for the D va.lues is obta\ined by considering

, curve» t"m gives the oorrection to be added to any subse-
“Quent D ding cbtained '.Jhen aore structure is insarted between the vari-
able ahort and the i upper bend..
The cali‘ora.tlon curve for ‘the valueu of 8 mmﬁ rez the apparatus
to be arra.nge& as indicated in Fig. 6(b) _the calibration proceduie now
) .correcta for the presence of discontinuity effects in the lower bend., .An=~
'ather an, of D.-vs, S values -LS ken; and the D values are corrected by B
using the calibration curve obtained from the arran ement of Fig. 6(a), in-
--cluding multipli_atiu“ by 7\7'9/ 7‘~d according to Ba ? The ordinate of
the cal bra.tion curve of = incor'r + S) vge S tn.en give tz_e correction to
_be: added’ to. n.y_s.uhs_e_quent S reading (including Su) to yield the correct §

valuq. ' 'l'he fcorrected. D and s vaiues are both relativemto,
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g © Arrang reme _1_: of EBoulpment for Calibration

(I)

C’Clon 1s .B.valla,ble - _ -

- wigh to ‘obtads theequivalent civréeuit pa.ra.meters of a - d_lscontin 3ty gtruc=
‘ture: in a vavegulde of unusuai: créss=section, nomllzed %o the charactems-
ti_ 'peaance of “'..ﬁa“n vla.Veguide, but t’mt no glgtteq sectlon i$ available

-~ Stch 2 n 5 possibleé - us:.ng a slotted gection
waveguide, say, with the adchtlom.l réquirements of aii adapuor
from the gulde of urusual cross~section to rectanfular Zuide, and o e variable

- short 1n the former guide. Of sourge, the dimensiors must be chosen so that
only the doriinant mode can nronagate in -each | 'ulde- th#_.d,dap‘f' . -urtnermore,

S B
is tuned 4t the: measureinent frequencv 80 as to ma-.mm:.ze ‘the dizco nulnal,uy
'_1ntrod‘1‘,eo. by 'tblé aéa?"'h* ‘itée..:ff, sT '%Eé_v—p:iﬁ‘é:'i;rﬂuu w.u..l. su i_‘f é.‘ég =

noo o -

! ~e . - -

'I.‘he a,ppllcatlon 18 11,Lust;raveo. 'by F?.g. 7. Tt is assi umed h&*‘ We

Cl‘h«= slotted sectio o;‘ rectpngula* avegn de must 'be c:a.li’braty >d.
- 80r tha.t it Hag the properti"ﬁ of ar equivalént §lotted secﬁlon Aifi the wave-

,guide of u_nusual cross—'sectlonﬂ and so. that the effects of the discontinui-
P .. .j 3 5 -{‘ o

lot, thpe t*"a“"'c‘, and‘ -"’1‘3 dfference in

For this cal:.’brat*on the v:«ri-

/adapto,r an(l a run of D vs.-
: The procedure of
the correctiong of
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tween dissimllar waveguides, say & éipcilar to rect
_tion with. -sume -8lot at the. Ju.nction plane, it is desirablo to obtain a
:"relative" netwrk representatian,lo

‘be the seme a5 in-a guide with no glot.
 taking a ran.-of D vs. S valuég with a variable shert in circular waveguide
- placed.behind. thé §1ot ved section with th
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en Td: Dissimilar Haveguidea

o '"h_la-N,J;unction B
~Ia. all of the precedmg discuseions it has been asgimed that the.
equiva.lenr, circuis yarameters were désired wlative to some specific single

vaveguide, namely, the variable short guide. In 'uhe cage of a ,,unctzon be-
angular waveguids junc-

i.e., with the parameters given as
1- /".Z: . Zaalze 3. an’a“zl /.2122 , and where Zi and Z2 dre the characteris‘*c

_pedan es of the. two

oo e = Such a mea.suranent for the e:cémple i‘z‘idiéate'd é’b“qve would first
require a calibration of the slottad gection so that the D readingg would
The measurement is then made by

aloc placed bebween them. ‘The

It is

treatment of- the-

stressed here that this type of pvecis.v.on mea.s""'ment requires two diffe~
“reat varia‘ble shorts,
_the actual measurement. o R R

one for the siotted section calit bration and one. for

1ldes in questa,on. T P S
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1 II, Sec. &, fzhe oalibration CQYVe. 1s obtain-

gg) T8 D:  The same shipe curve is evidently _

8+ (DfApg + Sikpy) Vs D/)s , the difference being that L
ber rela%ive to f:a. Aiﬁhough it is clearly Ppreferable

desl With geometrical lenigths, it 48 simpler in the deri- ]
e leng ths no¥malized ta the respect'qre guide wa.velergths. |
N f..“.. y, 1sn a..z.l Q_f Pa‘.f-t ‘II;_[' -‘-the.g:s.;'rfmb;p D and§“y111 n

-(.3--.1) | By

where the notat n follows that of I\T . Marcuvnz.la Pa.rametere Dy » Sp and |
‘Y -ghg.racteriz, the discontl‘ﬁuity under’ consideratmn, and D and S are ;

BT Py

cm‘uve to gﬁme -v:ax?ea.engunl from chosen refeérerce planes Ty »
L 2! d a short circuit in the input -and output gmdes,
respect:.vely, the 'oertmnent ‘lengths and their positive dirvections are shown . s
“in Fig. 8. The charactex stic Points D, and S, slgnify the reference plane ) : i
locatlons corn nondin_g to an equ:L _énc ue‘work congisting only of a trans- §
forner of tums ratio V— 'Y' < ¥) 1is furthermore the insertion VSWR of ' E
) ]
E- )

. _._._:h_lx‘g fwo. ,-tﬁrmma_.,m:ﬂa,ir ssrugture belng meac‘ureo.-

o “If the 1nsert :
iy

2
alvays wouldb , Tor A -

n VSYR of the disc':ouu'x.naity is small, 4s it almost
t nd aection cali'bra.t:.on, one ¢an W"lte

O‘ -0,

2
sl

< - e Ga) -

‘;—', Tcming the ta.n _'("Dwa-. J:)— S 5 So), expanding and su’bstituting Eq. __5.1)
. ‘-“_”oneobta:.ns . o

i)

j

t

|
Gann o VIS P

;,mnsformtlon u'ber verlus'blose Vlerpole und seim, ,
equenz,.unc. _;.Lemroamstlr, ou, Pp. 0(-73, 1942. i , ]

.Marcuvitz "On the Represea* tion and ¥ ieasurement of Vavemlide Dis-

ntmuities" Proce I.R.B., 36 , pp. 728~735, June 1948, £
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_, %elow of the a.nalytlc expression for the calibration curve of - (D + S) V8. ;

= - ] l§ ' —
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B Fig. 8 Two Tc-minal-Pair Waveguide Structure. ' \j -
. o ) 3 -t . B v' g oy .-
Enploying (3 2) for & small, we hav S N
D+ = D+ 8 _+" E&;r- §in Y@ (D “D) 5 (3.3) 3

the analytical expression for the negative of the calibration curve shown
in Figs. 2 and 3. The additivé constant Do + So , characteristic of the
discontinuity’ being calidrated, ¥5 of no consegiience sinte both D and. Dy
_{see Part II) ars corrected by the same calibration curve. Relations (2.5)
are sedn to follow directly from the. amplitude e/)-hT of (3.3) and the physi-
cak meantng of ¥, recalling that distances in (3. ) are rélative to guide
vavelenguh., The simu'soida.i. sha-ne of the cali'bration curve To¥ small dig-

ot = Riadd '

cont%nuities, and Its bericdivity ag shown in Fig. 2, also follow from
Eq_.. 3 3,.

B. __The Correction Rel&tbions. for Dissipative Structires,
The calibsation curve ob‘té,ined us'ing purely reactive terminatisng .
is not directly anplica‘ble t6 measurements on dissipative structuress to _
_detormine its a.pv.i.icaa:.lity to such measurenem;s one must inveetigate the
efféct of lossy terminations. iIn this’ connection, a derivation is given

-D, for the. cage - of small discontinuity éffects and for lossy terminations.

,,,,,, A Fhadk P pu—a'lv -naon"'"ira fﬂm“ﬁ?‘r‘%u}‘Q

is brought out, and a method of using the calihration curve to determine the .
corrections to the memsured ¥SWRVs is included. =
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nowever, when the termination is disaipauive ’ooth Dand § °

‘ i __7 . 'l‘heir rela.tion to the: measured quanti‘ties are:
: ] é‘ L ,AA' ""“,‘" = ¥ 3 O O T 2 ok N 5 -
- Lo wE D.;f,- @D w UURSS IS L (B

_whom Dz. and S are. ‘the dlstances i‘rom the reference n]a.nes to the volta.ge
ninima {n the i"put and output guides, respectively, and where Di and. Sy

are given ~by e 2ea i
Di: *? " o tanh»a T8 s = ;.: K (3.5)

d ra_ '(-actual.)__ 'being the VSﬁ'R's in the s;o’tted section and

) _ - | x = 27 GS —-rso) © (3.6)
s ) &o that Eq. (3.1) becomes -’
“w~"* ST Ttany = Yimx - (34)
) Form:bng the. an (y + x)L éxpandifg, substituting (3:{ and -employirg (2.2)
since the discontinuity is small, oné obtains T
Tl e (v + x) = ——<teny .52: - (3.8)

(1 * e) + -tan

o Since b is complex, it is not permissible to drop the ¢ in the denoinihe.tor
unless (r - 1) ((c, for Iy = ¥ 3, tan? y<-=1. The. correction relations
to be c‘btained below are thus valid. under thia restriction. Also, since e
iy sme.ll ta_,(./ + x) can be. replaced by (.,f + x) and (3_ 8) becomes

Y+ x = 2 sin 2 ¥y _ (3,9)
- ) Cdj'bining definitions (3 U,) and ,3 _) one-s g;_i-t,hat ' [—
- Jhe . "'Y'F'x”.:' 217[(D +S)-(D "'S)J"-dz“(Dif.,i)

¢ e b o M S b =




Yhen rm approaches

- proachss zers; D, -and §, become simp :
‘apalytic expression (3,3) for thi
the 1psaless case; Eq. (3.1 ),,t} vanighes: £ L
‘when dissipa.tive sbractures are measu.red the Dﬁr.,.dinge may be COTT cté’d-
by using the calibvration curve obtained for the- lo I A %h
tl‘ze‘s‘e éorrectiony are multiplied by the: i‘a.ctg;_“ ; A
( .5) this factor becomes ‘
i . r C+3 B
- rn? - 1 ; 7 v' - - 7‘1*- ; _
in accord with relation - A3) of the Appendix, where z 18 the measured vsm
value corresponding o the D;. va Lue involved.. ) ) .
o B Ti.;})reﬂen of a discontinuity in the slotted séciion will sffect
tne 'VSWR value also, so fhat the measured value r, is different from % ‘h
It iq well knc'cm thet r wilx. fail be=
: ~ -’--.-. stk o “’i i);- - (3.13)
o STy COSh o D ‘cos h,ajﬂsi [

and ra is. small, (3 3) may Be written as.
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__a d \subs uitut:mg for\the (.osh term of ()

L1 (vy expressing it i
"-aré using\ (3 . i

“to be compared fo the rTight hand side

egatlve of the cahb*'atlon curves they
and the 1/8 subtracted from D,
] 19 in effect -get edual to zeru since
s& axi | b Gravm *t‘l_rough the average of the curve.
gée Ehet theé correstion A r (which 4s to be added
irned from the cahbratzon curve v Ynu_‘ai--
4 D yalus ‘corresponding to D, « 1/8, not D_.
& plotted in aveoTuse” lenguhs Tather tqan eulde vave~
' - A d/s, multiplied by

e A-)'oe wdix.

brackets of B 14
Ty the ewpressmn Sor _‘n
g ne addl’twe congvant D
8F, ‘the constant. D,
Thus Eq.

VSWR val ue) 1§ obia

Ar 1s'“'glven Ty the A D valde at D

Lm r /A,,d , ‘4§ speey fled o*' relation (&Y) af tn

) mdv‘ be A1 tten ag

2‘4'8.}{1 n ard?r Shbatiing va.lues 10; T 'are:
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eob%ain_ - B
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for the: '...imitinz- 1 ies;, in agreement with m. (2\.9)

BT ~ e . — Diavindiigerdd

e S , 9_ 'I.'he Effect of an Error 1n the Yaria.'ble Short

. The cali‘oration proce&ure assumas that t‘np varim’ale short is per-

-. - . fects. if the calibratic'n curve ig in lar,;,e pqrt due to an erfor in the vari=
- avle s”flort and If Sorrecticns zre a'oplicd onl¥y to the D Yalues, then, except
in special eircum“ nces, an érror will be made in the data, as shovn delow.
. var short 1s -_in.*.:-.‘-v:" ed if its guide valls dre not unifomm,

f —iun ex L :': serféctly parallel to the guide axis or
ith g _mt t:.l.on 62 the micrometer spindle,

+ S 4
..:. I'(;‘—.Lccti'}“

o~

02 "ad’r 7-312

O

cuive 1s due solely to ‘an error ih D and t,n__en solelv to an error in S, and
- R the results examined. A sunple experimental vn_eu od 13 then given for de-—
- T T termlnins tne seat of t‘ue errors S S N - - --

. C We begin by introducing the notation to he employed Helow. Let
o D and S be the actual readings, and D, e ,NSW, and Y, _Ye the constants of the
calibration curve. The ta.ngent relation (3 ) for & subsequent measurement
on gome discontinuity, containing only unprimed quantities will refer to all
uncorrected quantltleé; the relation foi corrected values of D, and then S,
_ _ will conmln, regpectively, D' , 5 ,D ,8 ,and ¥ ,aend D, S" , DV,
o S ;Tand ¥#., The corvection A D ig: glven By the n‘egatlve of Eq. (3.3
- . with D + 5o set equzl to.zero for t'le reagon indicated there, and the
cor,re,ctlon A S is

L ' e As = *Lfﬁ-« ein Ui (§ - Sp0) 0 =Y = l+e g (3.13)

. the derivation of AS pa.rallels that c‘.‘ AD.

An express:.on for ¥! is obtained by writing the tanzent relation
(3 l) ‘for the uncorrec,bea quantities as -

S bgq_an (D' -~ AD- D)) = Y tan 2w (S-S5 . (3.20)

Since “the. value of 'Y' is gwen by the.slope of ‘the D! ve. S curve in the

e _iinge (D' =~ Di) any {5~ S!) small, expansion of {3.20) in this  Tenge vield
i \(rx‘ecqgn;zing %ant I)’ and*sq differ only siightly from D, and S ] .
Ty T R R » {
R A ) S IR B : ‘- ‘
. P % X R b K R I ; : !
»“‘\ . D N - Y i, §oos s B '\ R Voo KO
~ 1K

P
ko b i AL




The vali bles in (3.23) are D! and § (
d s_tant)f., s0 that it mey be

. R ’ 7 . o - N . R -
ce e e 5T D e § 4 Congtdnt!
- : e I+ e (}Q_S'ﬁ‘)t : .

Sl'lce Y‘ is t‘le sl ope o* the curve of DV vs. § in the range considered abovs,
- He have B o o

T ‘ , e
' : 4 Y _1+soos1+'n\.D o -

e o r‘/h - -

.(13525}4:3.)
or

-7e cos Um (p, - D ) o .(302’%‘)

a4 OC),

By similar considerations an apcroximate expression for Y" may be.
obtained: Equation (3.1) is written as R

L o tan QITS(D-‘-I}O)' = v tan zn (s" ~ AS-S,) (3.25

kY .
e .

o Vie—csasi ér. the rangze (D =D, ) aﬁz_zjd; (s - _so) _s’megl"l’;;a:nd obtain from "(;3, ,25;)
“em (D - *o), = Yor(sh-§)-Yaras (3.26) 7
- # ‘. ' _ 1: .a- ‘ . :‘L . 7’;: “‘:
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dlcaues t’ﬁat thc 'c"'..;:eq ev e in the
£ ‘ubon the relation bYeiween the Doc and .
Do ah d 5 of the sirxcture being mea- i
a*xd S 8., 5 %he corrections will be
.‘"W'or'flnnc:wlll be.

6F not the corrections :
4 vas 'afrc=- in scope in J
.1'5 consmerea o y 'oe.la.metef mr -oaz-,_}.'es,s_- gtructurs It “Angitates |
tha.t it is necessa r‘,’ in. gen ral to _c':ov whetnerftha G Iivratisn corve is
corr c‘cn. & ")rmarlly for errors in the s’ t4ed section or for those in the ' = ]

S e -

ot the o

l.

ot e

- - . - - - =
. 5 % -— .- g E 5 — S i

A simole expermcntal meithod for deternining the primary source -

of the error is the following. Two calibratien runs are taken; for the g
e . Flrgt, the ;rarlablo buort is vlaced dlrectlv after thc slct*“i séction In
the usual fa.s.

1 v\nn-‘!-irr-!’hla R1¢:nnn¥:-’i ‘__'_~

\"bﬂl b.l.‘u.a..a. :-yu.*.hwvcu.", \"A-I.VLL F o30S -y eCLly S 5— 1%
S _betieen the'n. - Fouyp lel bration curves are. ,t}‘e*x nlotted' - (D+ 8) ves
SRS _-»:(’-aﬂ‘)'- D5 {b) S.for the first calibvration pun, {c) D, (d) S for the set

“ealibration yun; it e well to superimpose curves (a) and (c) ané curves

D
Q
O
BE1 #
(=N
i N, q ;
s U

(b) anr1 {d)« Vertical shifts should de : eglected i.e., the abscissa axis
‘be dravn through the aversie of a1l curves: I“ all of the discom- .

.

A 4¢P e At o 4 St e

oYy -_“.'--_;{-»-;n._ti uii;,;;e,;,ecu_iswa,ssoclatga ;th,th.e slg+t_a ae;_;uio 1y then __imse*‘immthe \
. X.\____ \."’1 k_‘n.iaveléngt !,len%th !o 3 —-.;;ne ge¥ves ';1,' }'{&to 'a“ﬂr;e "%f va.luekz‘); a'\n‘v \\‘ ‘;"
‘ ™ 3 S 5 i .

R . * R o
b 2 & 5 P the Warzé‘)lé short. FoF the former case, the plotted curves would appear
2s in Fig, 9.
S e

T < o k3 in !
1[-1’ .i?—he I‘B-‘\."ers% *S&trﬁe "'\_‘{h’ al‘.L O):; Eﬂegi_mscpnﬁ&:'-u;u.y EJ_;‘,;V a_%'y irx .Lus;\?u%\l '-‘i-n b 5 » i E
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ORlDlNARY QAL!BRA. .AOH RUN

-~ GALIBRATION RUN WITH ADDED ou,n.arsn
| mweu.eusm LENG:H OF LINE

w ‘Curres Obta n ‘f s _"n the Discontlnu_if;y Effect is So-e.Ly in tne
2 o . : ' otted Section.

, - ' "~ If the inserted iéﬁgiﬁnbf line is not discontinuity-free.(the pri-
" ’ rary effect can occur at the Junctions between the line and the othor equip-
' ment‘ the procedure déscribed above is unreliables & bartial check on the

leng‘bh.,_of lire is obtalned. by reversing it and takinz a thi'm’ -calibration
© . TTTTrun. CSinge in practise it ig desired to calibrate a discontinuity effect
kmovn to be associzted-with the slotted secbtiod, if the procedure described

. “aboie does not result substantially in the curves of Fig. 9, the variable

- shor+ should. be *egected and a substitute one o'btain°d..

. i -l s e B e e remy e b -
oA S S S e
P £ %} = ", ;r‘ 3 E £ :
’ % 7 o ap e N g g
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L1 mum - b _‘ . |
w.-?o,- difffe:'rén iiower ..:'__\s,;_ _t . _
sayﬁ, at X—be.nd..«- 'f_" . ;

= _I—'~IQ7'I§§. TTe T [ O . . CoL e —
N D 18 the iadicator r_ading corrésponding to the probe 1oca's:‘{' ab 2 S
o ' & voltage: minix'n’ém in the siottea gection. : S :
S :is the readlng corresyo d:“g to the lo.catign of the ifana."ol"e, short.

o - Dy (R signifying freference") is the D _reading cox_'respom_ling tc a
T =~ -BhoFy circuit located at th’e‘ ‘endnf the “sﬂ;o‘btéd sec}ti‘on“ nearest

T — T  theIoads : . — S o

I
|
1
|

,

|
4
NN

Bl is the 5 re'ading correspo“ldlng to a short eircnid lor'-eau d ot t‘l,e,
end. of the varisble short. ‘ o e -

- A 18 the guide wavelength in ‘the slotted section. E

AT oL e P LT T

is .‘bl_’;e gulde wavelength in the variable short., i
"l‘he "slot"ced eection“ tc be, calibratetl ir'cludes the slotted section proper j E
together with any associated equi'oment such as adaptors, bends, ebc. The N
calibretion of any coupling element associated with the variable short s :
discussed in Part II, Sec. B, 2., and is not treated here. Tf the cali~ _ R E

. bra,ted slotted cecwon is to be used only for the mes.surement of single ‘

“ferminai-pa¥s structurey it is not necessary to detemine Sp. The equip- ' E

, B _ »ment is arranged for the calibration procedure as shown in Fig. 1. )

e — — 1) Measurementﬁof -Bf—Sincewthe T‘*~v&}:ues generwllmpear—aa— T

A\ an arbitrarv reading on. an indicator nttashed ta _the globbsld se-tiae Lo . |

-g-‘v‘s‘-:;—lv:*w=auz;'_:2*_‘.‘_.__ ¢ m— e b .
. {.‘

_\ following i'a employed to ob‘ba.in this reading relative to some fixed refer—- . ;
ence 'olane, \or .vhat is. equivalenu, %o a position n )‘gi/e away from this 2

.
{
|
|
|




plane.. P.Lace a very smooth flat metal: plate at. the end of the Mslgited sec-
gignm (including any adaptors, etc.) nearest the load. The reading on the
;n_dioator co~Fesponding t6 a voltage null produced by this %termination is
Up. The geometrical distance of any cther measurément. relative: tc the we-
ference plahe thogen .s then given by eubtrac.*'ing Dp from the 1ndicator
 reading D (after correcting both D and D y from the calibration '“'rve). Dis-
- |« <connect thé a_ﬂat metal plate. ' '

g e

o 'Measurement of S ‘Ine plane of the end, of tne variabjn
lang'er is us ually slightly di;:erent from the plane of its effective short
] ;ts ‘iOcatien is generally given in te*ms of an arbitraiﬂr dis-

e e B

e

E1¥e to tne end of *he varia’ble short, connect the vari-

T co”'respo“ding variable short micrémeter reading is SR' ‘The
gcumeunw.l digtance for any other iocation of” the plunger relativs to the
-above-mentioned reférence plane is given by subtracting S fom the reading;
5 O.L the micrometer.

~meter at SR and determining in the uswsl everaging fashlan whether or not 2
' voltage #ull océurs exactly at D,, “ ' )

: S 43). M ieasure thp guide wavelength A gt i the sj.ot;be_d;"section.

T {4 Measurement of the guide w.veleng*h A, in the variable

. &hort: Tiocate D ‘correspénding tv a given setting S.” Keeping the D value
| ' fixed, move the variable short plune,er until a ¥oltage Afll amghin occurs at
| < D. - ’.1‘he d.ifference‘in— the § settings is equal to A -

(5) Calibration run: Obtain & series of values of D and S over
=~ the range of travel of the probe carrisge by varying § and tracsc:.ng with D,
Tak:e about ’JO ann%oximately Pquallywspaﬂed. points to t}‘n half vave’! elength.

: _g. "‘xeatment _0f Data

"\

D '1) Fiot tne grapn oI - u)+ i JL ) %s. Di Draw a smooth
curve tnrough the distribution of points; tﬁe curve ghould be sinusoidal in
o shape and periodic in A /2. For increase precision the plot may be made
S 15 l-arge-sheeirof paper-*the size siould aepena. on the scatter of the
data nnin+s= R T I

"In order t6 locate ihe plane of the wffective

%ﬁtil the w”réltage nullNin the slotted section o;.‘:curs

£~. moreé accurate determinatlon of S Sp ié bbt'a'in_'e_a- by moving the
variable short p] unger and averaging the positions between equal power levsls
in the slotted section detectsr: .a check should be made by setting the micro=
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’ :ue ;aau}.t ng vé.lae .mould ’be used to -wbtain a mo
or A

/--_

’,c{s through the average cf ‘.“1e. cuive.,

The

o IR

,oo* in\t}'lp cox I:ected ve.lue of Dgp.

he lo"caft_ on of the - vol.ta.m.—,

minipoa rnlativé to the recerence p‘lane associa’ced. k. hDR, in g wavegulde
of c’ racuerisfic impedance and gaide wavelength identical with that of the

) vaﬁ“f ble Sh""t used to_calibrate the-slotted sectlon. o :
“'Eo,.» d.isaipative sbructures - o TITT e

=g P

= ' mhe correc io --b-.en ‘nelow are valid under the restrictlon ]

c[(rm - 1”) <1, vhere 1y is %the measv.red value of"th*“‘vSWB and (l + «) ia

the insertion YSWR, of "he slotted séction., LLe valuemf € is obtalned from
the QL" bration ~curve as . - :

N l) Obta.in the A D value co ~res*:onding 'tc: the_D value from the
= gu_ tion curve.. The \corrected valua of D is g’lven by

- ,néor;’i}cféd = {D&AD

Sa 5 7.”’77 *

ki

LA i

AR el

gd. w? chever is feJ.t to te Less rel;.ab...e._

Ad the a’oacissa a.xis as ‘D. The curve should
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_Rej eat as in (1) for lossless structures to obtain uhe co

(3)~ ﬂﬁbﬁ correction _ﬁ‘r-; which ts to be added to Tn to yield thu

SRR " P 'lr-;ﬂ | . ()
LT e e Ar = = - B
e Il 8T "gd L Jyys ' )

" where (A D) '_'_sz:si@iﬁes that the value of A D'is obtalned from the cali~
- b "t D 8 rather than at D itself, where D ig the indica~
to the vclt-age m.m.v:mum. - :

The calibrauou procedure described above can be made valid over
8 narrow frequencv bvand, sy 1 percent or 2 percent, vather than at a ringle
) frequ?-ncy By & stight mouification. Such a requirement is of initerest vhen
E el 3\;_~eés.f or degirable to reset the freouency to the exact wvaluec 2%
he: calibration e mde._ The modifications necessary ave:

i - , . (1) The Callb*atlon curve should be plotted as - (D/l\ od + sin_)
C 0 Vee Didgg 4 the’ correctlonf are then given as A D/ 2\ g- Any ﬁ.wye resgit
ghould %e eliminated as usua

L {2) 'The value ..ed for the ratio A 8/}\ g in relations (Al) and
o (Aj) 8tuld be vhat obtained on the day of measu:.eznent rather than on the
- day of ‘calflbratlon.

:  Pwo agsumptions are impl:.cit in the formumlation above~ (a) that
the discontinuity effects agsociated with the slotted section are substan-
tially constant with freqaen‘*“, {v) that negligible slope would be 1ntro-
duéed if the calibration curve were made at the slightly different fre
quency, since the ratio Aoﬂ/}s would be somewhat different. For assump-
tion (a), & change in the® dibccnhnuity effect would alter the ampliiude

. _ —-cf ‘the curve 2ad prod&r:u a lateral shift in it; however, these effects may
‘ . 5 be “cn'lec‘bed for small frequency shifts. The ratio A /’\ may be written*
: ag h / =14 ; vhere §=K A2, and is very smal‘*"‘ it is easily
shown thgg for A = 2, vhere Aoggs the free syace wvavelength, the

/ :
fchangeﬁzn 2\ d/" gsa.-.,oglven. By

-

See footnote referense 4, Eq. (11).

DR". ~The comments under (g) for ;ossless structures a.lso T
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Eor A / A = Le 003_0, and for a frequency u:ange of 2 percent“ ‘the fchange A ot

B’ th§ '1.-M§?elength ratic 1s .00“2, which is within emerimentﬂ" BITOL.. , . &
A sumption \b) is thus matiﬁed., ”‘he validity of assumptions A\a) 2nd (b) : j‘i‘? 3
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